Here we report that the activity of comet Hale-Bopp ceased between late 2007 and March, 2009, at about 28 AU distance from the Sun. At that time the comet resided at a distance from the Sun that exceeded the freeze-out distance of regular comets by an order of magnitude. A Herschel Space Observatory PACS scan was taken in mid-2010, in the already inactive state of the nucleus. The albedo has been found to be surprisingly large (8.1±0.9%), which exceeds the value known for any other comets. With re-reduction of archive HST images from 1995 and 1996, we confirm that the preperihelion albedo resembled that of an ordinary comet, and was smaller by a factor of two than the post-activity albedo. Our further observations with the Very Large Telescope (VLT) also confirmed that the albedo increased significantly by the end of the activity. We explain these observations by proposing gravitational redeposition of icy grains towards the end of the activity. This is plausible for such a massive body in a cold environment, where gas velocity is lowered to the range of the escape velocity. These observations also show that giant comets are not just the upscaled versions of the comets we know but can be affected by processes that are yet to be fully identified.
INTRODUCTION
Both star formation theories and recent observations suggest that young planetary systems harbor large populations of giant comets, possibly numbering in the millions (Roberge et al. 2000 , Beichman et al. 2005 , Lisse et al. 2012 . These icy bodies that are more than 50 km in diameter transport water, and probably organic matter, around their host star. In our Solar System, C/1995 O1 (Hale-Bopp, see Fig. 1 . for an imagery) is the only giant comet (e.g. Biver et al. 1997 , and represent the largest and the best-studied comet in modern times of astronomy. Around its perihelion (T P =April 1. 19, 1997) it was visible with the naked eye, and maintained the activity level for at least 10 more years (Szabó et al. 2008) . It is known to have been recently captured from the Oort-cloud, possibly a few thousand years ago (Marsden, 1997) and still preserving the ancient volatile and dust content of the Solar System.
Even when discovered, Hale-Bopp was very active and the nucleus was embedded in a thick dust coma. The only opportunity for a photometric coma-nucleus separation was provided by the HST.
After the discovery, several attempts were made to determine the size of the nucleus, based on HST measurements (e.g. Weaver & Lamy 1997; Fernández 2000 , Lamy et al. 2004 ). However, the exact size was impossible to determine from unresolved optical observations due to the degeneracy with the albedo. The obscured nucleus was observed at practically unknown rotation phases and there was no information on its shape elongation, and these had led to a controversy in size estimates. The most probable values for the mean radius were reported around 30±10 km, assuming an albedo of 4-5%. The nucleus was found to rotate with a period of 11.35±0.02 hours, which caused strong light variation of the inner coma (Licandro, J. et al. 1998) .
Here we present an analysis of new VLT observations, completed with archive HST data and a Herschel observation on the public domain. As a result of combining all these data, we derive the size, color, albedo and shape elongation of the nucleus with a precision that was not possible before. Our main conclusion is that the post-perihelion albedo is significantly larger than its preperihelion value, and suggest a scenario that can explain this observation.
OBSERVATIONS AND DATA ANALYSIS

Observation with the Herschel space observatory
To constrain thermal properties of the nucleus we used publicly available Herschel Space Observatory (Pilbratt et al., 2010) data. The observations were taken with the photometer of the PACS instrument (Poglitsch et al., 2010) in scan-map mode, on 10 June, 2010, between 00:35 and 11:10 UT in the 70 µm and 160 µm channels (OBSIDs 1342198432,...1342198443). A false-color composite is depicted in Fig. 1 . This was the longest integration made during the entire mission -although the nucleus of Hale-Bopp is small in comparison to other Herschel targets, the long observation enabled us to determine the flux from the nucleus with a fairly good accuracy.
Raw PACS data have been processed using a reduction script written in HIPE (Ott, 2010) , optimized for faint solar system targets (Pál et al., 2012a) . For the photometry, we stacked images following the comet itself ("comet image"), and subtracted a model background (the com- bination of the observed images, without comet tracking). In order to maximize the signal-to-noise ratio, we selected instrumental frames using criteria based on the actual scanning speed while the frames themselves have been stacked after correcting the apparent proper motion of the target. To evaluate the averaged and background subtracted Herschel images and perform photometry, we used the FITSH package (Pál, 2012b) . PACS images yielded a flux-density of 1.08±0.16 mJy at 70 micron while we obtain a 2-sigma upper limit of 0.45 mJy at 160 micron. The detected flux can be interpreted as the mean infrared brightness of the nucleus, because our measurements lasted very close to one rotation period (Licandro et al. 1998) , thus averaging out all rotational effects. The infrared light is due to the thermal emission from the comet, and assuming a simple thermodynamic model of the solid body (η = 1.15 STM, Lebofsky et al. 1986 ), the size of the nucleus can be determined. Knowing the size, the optical albedo can also be calculated. We fitted the observed optical and infrared fluxes simultaneously, resulting in a model body with 37 km radius and 8.1±0.9% albedo. The correlations between albedo and size are plotted in Fig 3 as they can be determined from optical and infrared measurements. The STM solution is centered at 37±3 km size and 8.1±0.9% albedo.
The reliability of the interpretation lies on how valid the STM assumptions are in the case of Hale-Boppon the other hand, there is only one single infrared flux that we fit and only STM with two free parameters (size, albedo) can avoid of overfitting. Moreover, the PACS integration covered one full rotation of the nucleus, and in this case, the effect of internal heat distribution can the least modify the observed fluxes, so the derived size is still reliable if the STM assumptions are not completely fulfilled. The chosen η = 1.15 parameter we applied here is the typical value for scattered and detached TNO population (Santos-Sanz P. et al. 2012) and we think it leads to a reliable size estimate because of the similarity between TNOs and the nucleus of Hale-Bopp. We note that η has only a moderate effect on the size estimate: assuming the widely spread assumption of η = 0.756 leads to a size of 32±2 km and 12±1% albedo, while assuming η = 1.4 leads to 40± 3 km size and 7.8±0.9% albedo.
2.2. Pre-perihelion optical observations HST data from 1995 and 1996 were taken from the public archive ("HST Investigation of a Bright, New Comet", PID 5844, PI: Harold Weaver). On 23 October 1995, four monochromatic F675W band images were taken with WFPC2, with exposure times of 60+300+600+600 seconds. In order to check the results, we processed another set of images from 20 May 1996 of the same PID (10+20+20 sec images taken with WFPC2). We checked all other exposures in the data archive but found a very dense coma in the case of all images taken at any other times, and their photometry did not lead to consistent result because of the coma contamination. So finally we accepted the photometry of images from 23 October 1995 and 20 May 1996.
The coma was separated from the nucleus following the recipe of image reconstruction with a power-law profile model coma (Lamy et al. 1998) . To fit the complex internal structures of the intensity distribution of the coma component, I(r, α), smooth azimuthal variations were enabled in the general form of
Here γ was a smoothing factor in the scale of the visible angular size of the nucleus (set to 0.1 pixel), while the log-slope of the coma, β(r, α) and the weights C(α) were fitted.
Because the coma was quite complex, there might be systematics in the photometry of the nucleus introduced by the simplifying assumptions on the model coma. We checked the photometric stability with three different kind of coma models with various complexity. In the simplest case, both C(α) ≡ C 0 and β(r, α) ≡ β 0 were a constants. In the second case, azimuthal variations of C were enabled with constant β, and C(α) was a fourthorder Fourier-polynomial of the α position angle. In the third case, first-order variations of β were also allowed in the form of
The coma was fitted out to 2 ′′ distance from the center. During the fit, we applied two different optimizations as (i) the mean square of deviations and (ii) the weighted (10) V(1,1,α=2)=9.14(10) 8.0±0.9 R=23.72 (10) R(1,1,α=2)=8.66(10) 8.1±0.9 I=23.39 (10) I(1,1,α=2)=8.33 (10) mean of square of deviations with the detected flux as weights (this second method was more sensitive in the center). Taking 3 models and 2 optimization strategies, in total 6 fits were performed for each HST observations. The photometry in WFPC2 F675W and F555W bands was corrected for aperture size and converted to V and R magnitudes following the calibrations of WFPC2 photometry (Holtzman et al. 1995) . The parameters were fitted with an MCMC algorithm to map the confidence interval of the residual, i.e. the brightness of the nucleus. All fitted models gave consistent results, leading to 65% (23 October 1995) and 85% (20 May 1996) coma contaminations. The brightness of the nucleus returned with 10% standard deviation in both cases. The peak residuals of the coma were 3-4% of the peak brightness in the original image, while the standard deviation of the residuals was 1-1.2% around the zero mean. The favorable consistency may be due to the spatial resolution of HST: the brightness of the nucleus is coded by very few pixels, and this information can be reconstructed almost regardless how well more distant coma structures are fitted. However, we conservatively estimated 30% (1995) and 40% (1996) errors in the photometric results, assuming possible systematics in coma contamination that equivalently propagated to all solutions. The albedo of the nucleus was calculated assuming 37 km radius (the value determined from Herschel photometry). The quantitative results are summarized in Table 1 .
From pre-perihelion HST observations we derived a pre-perihelion albedo of 2.5-4%. This is consistent with several authors who got a nucleus radius around 35 km if they assumed 2.5-5% albedo. Since we know a priori a reliable measurement of the size of the nucleus, we conclude that the derived albedo is consistent with the previous results.
One possible doubt about the low albedo could be raised based on the known elongation of the nucleus. If both the 1995 and 1996 images showed the nucleus in a rotational phase when it was fainter than the average, then the albedo is underestimated. This scenario is unlikely, because the probability that both measurements show a sub-average brightness is only 25%. However if this happened, the albedo should be corrected by the variation of the projected area of the nucleus (±30%), leading to an upper albedo estimate of ≈4.5±1.1% -still significantly darker than the post-perihelion estimates.
The conclusion on the albedo variation is completely independent on how well the nucleus can be described with an STM model, and relies only on the measured optical brightnesses of the nucleus. This is because the same nucleus size was assumed for all albedo determinations, and the derived albedo values are all scaled by this parameter. Should the size of the nucleus be misestimated by a factor, all albedo values should be corrected by this factor simultaneously, and the conclusion on an albedo variation with a factor of 2-2.5 will be still valid. 2.3. Post-activity HST and VLT observations The first observation where the nucleus is bare is an archive HST image from 2009. The lack of any coma brighter than 25.8 mag/arcsec 2 was indicated by the observed radial intensity distribution of the comet, which was exactly compatible with a stellar image. The photometry of HST images was consistent with an increased albedo (see Table 1 ). We reduced the nucleus image according to the standard recipe of HST photometry, in an aperture of 0.20 arc seconds and applying the appropriate aperture correction and we converted F555W fluxes to Johnson V assuming solar colors (V −F 555W = 0.01).
In October 2011, we made a deep (6 hours integration with VLT) follow-up and excluded any extended coma feature exceeding a surface brightness level of > 28 mag/arcsec 2 (<50km 2 scattering cross section in a 23000x23000 km column). We made use of FORS2 instrument on the 8.2m Antu unit of the Very Large Telescope, located at the Cerro Paranal site of the European Southern Observatory (Chile). Six hours of integration (1+2+3 hours centered on 2011 October 5.55, 23.63 and 25.59 UT, respectively) were obtained in V, R and I filters. The exposure times were set to 3-4 minutes to prevent trailing of the slowly moving image of the comet (sample images are shown in Fig. 1 ). VLT images (image scale of 0.252 arcsec/pixel, dithering applied during acquisition) were resampled to 0.126 arcsec/pixel scale and were aligned to the stellar field (geotran task in IRAF). These images were co-added to the stellar image. Then all individual images were shifted to compensate the apparent proper motion of the comet (taken from NASA/HORIZONS system), and they were co-added to the comet image.nBecause of the motion of the comet, the coma was blurred to less than the extention of a pixel (sidereal tracking was applied). Therefore a motion blur was applied to the stellar image as well, and the coma profile was compared to this trailed stellar profile. We found a perfect fit, i.e. the nucleus was star-like in this deep image.
The surface brightness of the background, 28 mag/arcsec 2 is compatible to the surface brightness of a homogeneous coma with less than 1 dust particle per 250 m 3 volume (assuming a coma diameter of 23000 km (≡ 1 arcsec in our images) with uniform dust density, 1µm dust grain size and 5% albedo). Since we did not detect signs of a coma, we conclude that Hale-Bopp was surely inactive at the time of this observation. This enables us to determine the properties of the nucleus free of coma contamination for the first time. For this task, perture photometry was applied with an aperture size of 7 pixels. On all nights, two Stetson standard fields were observed at 1-1.1 and at ≈1.8 airmasses. Because of the slow motion of the comet, the same local comparison stars could be used for the October 23/24 and the October 25/26 observations. For a consistency check of the photometry, USNO-1B stars were tested. The averaged R2 brightness of USNO stars in the field was compatible within an error of 0.04 (Oct. 23) and 0.03 (Oct. 25) magnitudes.
From VLT and HST observations we consistently determined the absolute brightness of the nucleus as V (1, 1, α = 2) ≈ 9.2 ± 0.1 and R(1, 1, α = 2) ≈ 8.6 ± 0.1 magnitudes. This proves that the comet was already inactive in 2010, when the Herschel observations and our optical follow-up (Szabó et al. 2010) were performed. We measured color indices of V − R = 0.48 ± 0.10, V − I = 0.81 ± 0.10, slightly redder than the Sun (0.36 and 0.71, respectively). Thus, the normalized reflectivity gradient is 4 ± 4%, a quite low value for a comet, indicating a significantly bluer nucleus than the inner dust coma observed at 25.7 AU distance (V − R = 0.66, Szabó et al. 2008) .
During the six hours of VLT photometry we also re- vealed variations in the apparent brightness that clearly exceed the measurement errors. Phased with the 11.35 h period and assuming identical variation for the two halves of the rotation, the curve can be fitted by that of a rotating prolate shape with a/b ≥ 1.72 ± 0.07 axis ratio (equality in case of a perpendicular aspect to the rotational axis; Fig. 3 ). Similar shape elongations were observed by spacecrafts at 1P/Halley (a/b = 2.0), 17P/Borrelly (a/b = 2.5, Hsieh et al. 2009 ) and 103P/Hartley 2 (3.38, A'Hearn et al. 2011), all exhibiting a peanut-like or dumbell-like nucleus. The inferred shape elongation is also consistent with previously reported large-amplitude periodic brightness variations in the inner coma, which was a well-known property of Hale-Bopp in active stage. These variations were interpreted as the rotation of the nucleus, active areas and the the related coma inhomogeneities. Elongated shape amplifies near-nuclear jets and leads to severe anisotropy of the inner coma (Cifro et al. 2002) , well explaining the complex coma structures that were observed in the active stage of Hale-Bopp.
2.4. A 25 magnitude apparent brightness variation in the history of Hale-Bopp In Fig. 5 we plot the total brightness estimates (both visual and CCD) of post-perihelion Hale-Bopp. The data were collected from the ICQ database and from Szabó et al. (2008 Szabó et al. ( , 2011 and references therein. Previously published brightness estimates are plotted with open circles, the new post-perihelion measurements are denoted by solid dots. Near perihelion, the comet was slightly brighter than 0 magnitude, and now it has faded to V ≈ 24.2. Thus, its observed apparent brightness variation spans 25 magnitudes, which is unprecedented (Capria et al. 2002) , the red line is the light expected from the bare nucleus. For comparison, the typical light variation of young Oort-cloud comets is shown.
for astronomical objects.
The post-perihelion evolution of Hale-Bopp can be divided into two of three major distinct phases, as can be seen in Fig. 5 . The most prominent feature is the cessation of activity between late 2007 and early 2009, somewhere between 26-28 AU solar distance. In the active phase closer than ≈ 15 AU to the Sun, the brightness could be well fitted with a prediction assuming COdriven activity (Capria et al. 2002) . In between, some outliers appear between 15-25 AU, which are about 1-1.5 magnitude fainter than the prediction or other measurement that fit well the prediction -while there are no too bright outliers. This may signify that the activity was impedent near cessation, and matter production might have erratically flickering between full and exhausted levels.
DISCUSSION
The reliability of our result on the increased albedo depends on how confidently we can exclude a significant coma contamination in the HST (2009) and VLT (2011) observations. To place an upper estimate on a possible contamination in the photometric aperture, we calculated model comet images, consisting of a nucleus and a coma component with increasing brightness in subsequent models. To sample the images properly, model comet images were projected into an image matrix with the same resolution as the actual images, and into the same subpixel position. The model pixel intensities were calculated by numerical integration in each pixels, with 10×10 subpixel resolution. Brighness profiles were extracted with the same tool as for the observations, and they were similarly normalized to peak intensity. We copied the error bars from the observed image and assigned to the model pixel by pixel. This process led to identical sampling and identical error distribution as in the case of the real observations, thus the results could have been directly compared to stellar profiles (see Fig.  6 for an illustration).
The largest possible coma contamination slightly depends on the coma structure (Jewitt and Danielson 1984) : the more compact the coma the more it boosts deviations near the photocenter -therefore significant deviations from the stellar profile may emerge at a lower con- . Brightness distributions of a simulated nucleus and a faint 1/r-law coma with 30% brightness contamination in the photometric aperture, sampled accordingly to the HST (left panel) and the VLT (right) observations. Error bars are taken from the actual images. Such bright comae could have been easily detected in the observations. Undetected comae may exhibit less than 13-21% contamination, depending on the assumed shape of the coma model.
tamination from a compact coma than for a loose coma with higher total contamination. Because the structure of the hypothetical coma is unknown, we tried three different model comae in our analysis. A loose coma was represented by a brightness distribution of ρ −1 (where ρ is the distance from the nucleus in celestial projection), which is typical for comets near perihelion. At large solar distances, comets have more compact comae, typically ρ −2 , which was the brightness distribution of our second test coma. In 2007, Hale-Bopp exhibited a coma with very flat brightness distribution, that was almost constant in the inner 50,000 km and then suddenly disappeared. Therefore, our third coma was a staircase function of the radius, exhibiting a constant plateau in the inner 2 ′′ and being zero elsewhere. These model comae were convolved with the stellar PSF and added to the model nucleus image. The smallest significant deviation was determined with observing the χ 2 between the model coma and the stellar PSF, aiming at a 4-σ level.
The model image with 4-σ deviation then was renormalized to the central intensity of the nucleus component only, to recover the brightness of the coma component properly. Photometry was performed in the same aperture as in the case of the real observations. The relative flux of the model (nucleus+coma), compared to the photometry of the model nucleus alone, revealed the largest contamination from an undetected coma.
Such way, the combined HST image was derived to be contaminated by less than 13% (staircase coma model), 18% (ρ −2 model) or 20% (ρ −1 model.) Similarly, the combined VLT observations are contaminated by less than 15%, 19% and 21%, respectively. (The similarities are only accidental: the HST images have much better resolution, while the VLT images are much deeper.) One may conclude that once the activity level suddenly decreased significantly and then apparently reached a constant absolute brightness level (as measured in 2009, 2010, and 2011) , the comet has reached its inactive state. However, based on our simulations, we clearly find that even if there was a combination of a nucleus and a faint unresolved coma, the photometric contamination was certainly less than ≈20%, both in 2009 and in 2011, and therefore, the derived increment of the absolute brightness does indeed reflect an increment of the surface albedo.
CONCLUSIONS
The derived ∼8% albedo is evidently larger than those known for any other comets. To check the pre-perihelion value, we reprocessed archive HST observations from 1995 and 1996; separated the nucleus from the coma; measured its absolute brightness and derived the albedo, assuming the inferred 37 km mean radius. The preperihelion albedo was calculated to be 3±1%, where the quoted uncertainty comes from the residuals of the imperfect coma subtraction. However, it can be safely conclude that the albedo was significantly lower before perihelion than thereafter: even without subtracting a coma model from the early HST data, the brightness of the photocenter was as bright as a single body would have been with 37 km in radius and 8-9% in albedo. Because of the evidently strong contamination by the thick inner coma, the nucleus must have been much darker.
The sudden change of albedo reflects a significant change of surface properties post-perihelion. This could happen at the final phase of matter production by ballistic redeposition (Jewitt 2002 ) of the ejected matter. For an order-of-magnitude estimate of the redeposition rate, we determined the escape velocity on the nucleus which is v e = 10-13m/s (on the ends and waist, respectively; assuming a bulk density of 1000 kg/m 3 ), and the thermal velocity of sublimating CO gas at 32 AU at radial direction, which is v th = 88m/s. Because these velocities are of the same order of magnitude, a significant fraction of the dragged matter can fall back to the surface. Following the standard recipe (Jewitt 2002) , the capture fraction is estimated to be 2.6% on the ends and 3.5% on the waists of the nucleus. Due to an activity level of 250 kg/s as observed in 2007, the rate of mantle formation is 0.16 mm/day. This redeposition rate is enough to entirely change the optical properties of the nucleus in a few days. Hale-Bopp has been the first example for such significant resurfacing by ballistic redeposition -because the nucleus of other comets is smaller and the activity ceases in a warmer environment, the redeposition rate is insignificant in their case.
The pre-perihelion albedo of the nucleus, like in the case of all known cometary nuclei and also D-type asteroids, was caused by the presence of processed organic matter on the surface. After the activity had ceased, there remained a layer of redeposited grains. To support the increased albedo, this layer must have lacked organic matter and contain silicates and/or fresh ice. Silicaterich surfaces are seen on S-type asteroids in the inner asteroid belts (indicatively at <2.2 AU solar distance), which have typical albedo in the range of 10-20%. These asteroids suffer permanent irradiation, they have entirely lost their volatile content, and evidently look very different from long-period comets. Moreover, S-type asteroids have typically slightly negative R − I spectral slope (Solontoi et al. 2010) , in contrast to the neutral color of Hale-Bopp's nucleus.
Both the increased albedo and a neutral R−I color can be supported by significant amount of icy grains on the surface. These ice grains can not sublimate in the cold environment of ≈50 K, and will be preserved for a long time. The observed albedo of 8% resembles the value of Centaurs, which are small bodies orbiting among the outer giant planets and have either fresh water ice on surface (e.g. Asbolus with an albedo of 12±2%, Fernández et al. 2002) or show temporal cometary activity (like Chiron, with 11±2%, Groussin et al.2004 ). The surface layer on Hale-Bopp could have been formed by frost and dust falling back from the coma somewhat before the activity ceased. Ice grains have lower bulk density than dust grains, and they can be dragged away easier than dust. Although in quite different conditions, the scenario of gas jets dragging ice grains was observed in the hyperactive comet 103P/Hartley 2 (A'Hearn et al. 2011). We suspect that in the case of Hale-Bopp, ice grains originated deep from the interior of the nucleus, and were carried up by the sublimating gases, primarily CO. It is also likely that the activity translocated to an interior area of the nucleus, because heat inertia and ice recrystallization were significant drivers of the late activity (Capria et al. 2002) . When the comet approaches the Sun, the icy will be dragged away soon, due to the increasing activity. Therefore, had there been a similar layer in the previous approach to the Sun, it should have been removed early by the regular activity, leading to the usual dark surface of an ordinary nucleus.
In summary, Hale-Bopp gave us two major lessons. First, it defeated the paradigm that cometary activity ceases at around 3-5 AU, maintaining its active state by an order of magnitude farther than usual. Second, Hale-Bopp demonstrated that the cessation of cometary activity, at least at large solar distances, can be a much different process from what happens in ordinary comets closer to the Sun: the late activity can effectively restructure the surface of the nucleus. Consequently, giant extrasolar comets may also be very much different objects than the comets we know, with processes specific to giant comets that need to be fully understood for a proper interpretation of cometary activity around other stars.
